Abstract: Microwave saturation of multi-component EPR spectra of oxidized lignite Mequinenza (Spain) with a carbon content of 65.1 wt % and with a high sulphur content of 10.3 wt % was studied. The coal was oxidized with nitric acid (HNO 3 ), peroxyacetic acid (PAA), and in O 2 /Na 2 CO 3 system. Three different groups of paramagnetic centres exist in the coal samples analyzed. The EPR spectrum of the demineralised coal was a superposition of broad Gauss (ΔB pp = 0.75 mT), broad Lorentz 1 (ΔB pp = 0.42 mT) and narrow Lorentz 3 lines (ΔB pp = 0.08 mT). The three EPR components with linewidths: 0.58-0.77 mT (Gauss line), 0.30-0.39 mT (Lorentz 1 line) and 0.05-0.06 mT (Lorentz 3 line) were recorded for the oxidized coal. The g-values were obtained for the samples studied in the ranges 2.0043-2.0046 (Gauss lines), 2.0035-2.0038 (Lorentz 1 lines) and 2.0032-2.0034 (Lorentz 3 lines). The broad Gauss and Lorentz 1 lines saturate at low microwave powers. The narrow Lorentz 3 lines of demineralised coal were not saturated at microwave power from the range considered. After the coal oxidation with HNO 3 , PAA and in O 2 /Na 2 CO 3 system, the microwave saturation of the narrow Lorentz 3 lines was also observed, which indicated a degradation of the multi-ring aromatic structures upon oxidation.
Introduction
The oxidation process is very important for coal desulphurisation [1, 2] . The efficiency of desulphurisation increases after initial oxidation of coal. The effect depends on the method of coal oxidation [3] . The problem is a subject of increasing interest in view of the established harmful effect of sulphur dioxide on the natural environment.
The efficiency of coal oxidation by different methods has been studied by electron paramagnetic resonance spectroscopy (EPR) [4] . EPR studies of Polish orthocoking coal (87.8 wt % C) have shown that the oxidation changes the amount and properties of paramagnetic centres in coal. The greatest changes in paramagnetic centres system were observed upon the oxidation of coal with HNO 3 . The paramagnetic centres responsible for broad lines are the most active on oxidation of coal, while those responsible for narrow lines are not susceptible to this process.
In this work, a complex paramagnetic centres system of oxidised Mequinenza coal with very high sulphur content was studied. Mequinenza lignite was chosen for studies of paramagnetic centres in oxidized samples, because of its high sulphur content (10.3 wt %). The influence of oxidation processes on the properties of the paramagnetic centres in the coal samples containing such high amount of S atoms has not been well known. The clearly visible multi-component structure of EPR spectra of Mequinenza lignite and its changes with microwave power have proved that EPR spectroscopy could by applied to examination of individual groups of paramagnetic centres in these samples. The influence of oxidation processes on different types of paramagnetic centres in coals has not been well known. The activity of different groups of paramagnetic centres on oxidation process has been examined. Microwave saturation phenomena of coals and macerals have been observed by many researchers (e.g. [5, 6] ). The aim of this work was to study the changes in the microwave saturation of EPR spectra of coal upon its oxidation. The influence of microwave power on individual lines of EPR spectra of oxidized coal was analysed.
Experimental

Samples
The coal studied was Mequinenza lignite from Spain chosen because of its high sulphur content. The lignite contains [wt %]: 65.1 C, 5.2 H, 0.8 N, organic S 10.3 and O 18.6 [7] . The sample was grounded and sieved to mesh size below 0.06 mm, and then subjected to demineralisation by the method of Radmacher and Mohrhauer [8] . It is known that in this process pyrite is not removed completely [9] , therefore, it was removed by 17% of HNO 3 and saturated bromic water in accordance with Polish Standard [10] . Unfortunately, removal of pyrite by diluted HNO 3 according to Polish Standard [10] is also responsible for some coal oxidation. After demineralisation and additional pyrite removal, the coal samples were subjected to oxidation by 5 % nitric acid (HNO 3 ), peroxyacetic acid (PAA) and oxygen gas in aqueous solution of sodium carbonate (in O 2 /Na 2 CO 3 system).
Coal oxidation with HNO 3
A portion of 10g of dry coal was placed in a two-necked flask equipped with a reflux condenser and dropping funnel. Then, 40 cm 3 of 5% HNO 3 was added and the reaction mixture was heated up to boiling point. The rest (160 cm 3 ) of the 5% HNO 3 solution was then slowly added. The reaction was continued for 6 h, after which the product was recovered by filtration and the insoluble material was washed with distilled water and dried at 60
• C in vacuum.
Coal oxidation with PAA
The process of coal oxidation with PAA was carried out in a three-necked 500 cm 3 flask equipped with a magnetic stirrer, reflux condenser and dropping funnel. A portion of 10g of coal was placed into 150 cm 3 of glacial acetic acid, warmed to the desired temperature, then 100 cm 3 of 30% H 2 O 2 was added. The reaction temperature during the experiment was maintained at 40
• C by a water bath. The reaction was continued for 6 h under stirring. After oxidation the product was recovered by filtration and washed with distilled water and dried in a vacuum oven at 60 • C.
Coal oxidation in O
A portion of 250 cm 3 of 0.5 N Na 2 CO 3 and 10g of dry coal were placed in a three-necked flask equipped with a magnetic stirrer, reflux condenser and a glass tube connected to oxygen cylinder. The mixture was heated up to 80
• C and gaseous oxygen was passed through it at a rate of 6 dm 3 /h. The reaction was continued for 6 h under stirring. After this time, the mixture was acidified with 5 N HCl (up to pH = 1.3) and the product was recovered by filtration. The insoluble material was washed with distilled water and dried at 60
EPR method
The EPR spectra of the evacuated coal samples were measured using an X-band (9.3 GHz) electron paramagnetic resonance spectrometer with a magnetic modulation frequency of 100 kHz. The EPR spectra were obtained with high attenuation of microwave power 20 dB (∼0.7 mW) to avoid signal saturation. The microwave frequency was measured with MCM 101 recorder produced by EPRAD, Poznań. The lineshape of the EPR spectra was studied by Opfermann's numerical algorithm [11] . The experimental spectra recorded as the first derivative of absorption were fitted by different superposition of Gauss and Lorentz lines described by the following functions [12] :
Lorentz line (2) where Y max is the maximal absorption amplitude, B and B r are the magnetic induction and the resonance magnetic induction, and Γ is the halfwidth (linewidths: ΔB pp = (2/ln2) 1/2 Γ for Gauss line and ΔB pp = (2/3) 1/2 Γ for Lorentz line). The best approximations of the resonance curve were those characterized by the smallest value of the root-mean-square deviation.
The parameters of the component lines of the best-fit EPR spectra: g-factor, linewidth (ΔB pp ) and integral intensity, were evaluated.
Concentrations of paramagnetic centres in the samples were measured. Ultramarine was used as the reference for the concentration. A ruby crystal, permanently placed in the resonance cavity, served as internal reference. Total concentration of paramagnetic centres in the samples was calculated as:
where n u is the number of paramagnetic centres in ultramarine, W and W u are the receiver gains for the sample and ultramarine, A and A u are the amplitudes of the ruby signal for the sample and ultramarine, P and P u are the areas under the absorption curves for the sample and ultramarine, and m is the mass of the samples. Double integration of the first-derivative EPR spectra was performed to determine the area under the absorption curve. In this work concentrations of paramagnetic centres responsible for the individual component lines of the EPR were calculated from their percentages in the total spectrum. The influence of microwave power on the lineshape of the EPR spectra was tested. The changes in the intensities and linewidths of the components in the EPR spectra with increasing of microwave power were analysed.
Results and discussion
Numerical analysis of the lineshape of the EPR spectra of the studied raw, demineralised and oxidized coal has indicated their multi-component character. Two broad and one narrow EPR lines were measured having a Gaussian and Lorentzian shape, respectively. The narrow line could be described by Lorentz function. The concentrations and parameters of these lines are presented in Table 1 . The complex EPR spectra of demineralised coal and oxidized coal recorded at different microwave powers are shown in Figures 1-2 .
The raw coal contained organic and mineral matter. Its EPR spectrum was the sum of a broad gaussian line (ΔB pp = 0.75 mT), a broad lorentzian line 1 (ΔB pp = 0.60 mT) and a narrow Lorentzian 3 (ΔB pp = 0.09 mT). These lines are assigned to paramagnetic centres belonging to different organic units of coal. The paramagnetic centres of multiring aromatic structures corresponding to the Lorentz 2 lines, which were found in the earlier studied medium-rank coal (85.6 wt% C) [14] , did not exist in the coal analysed in this work. The paramagnetic centres located at simple aromatic units of coal are responsible for broad lines [5, 6, [13] [14] [15] [16] [17] . The paramagnetic centres of multi-ring aromatic units of coal, mainly delocalised π electrons, are responsible for narrow lines [5, 6, [13] [14] [15] [16] [17] .
The paramagnetic centres with broad Lorentz 1 lines (N = 3.19x10 18 spin/g) mainly (*the spectra of demineralised lignite were presented earlier in [13] ). exist in the studied coal ( Table 1 ). The lower concentrations were obtained for paramagnetic centres with Gauss (N = 0.90x10 18 spin/g) and Lorentz 3 (N = 0.04x10 18 spin/g) lines. The linewidths of the broad lines result from dipolar interactions of unpaired magnetic moments, and exchange or superexchange interactions are responsible for the narrowing of the Lorentz 3 lines [12, 14] . The g-values of the three groups of paramagnetic centres in this coal increased as follows: Lorentz 3 line (g = 2.0033) < Lorentz 1 line (g = 2.0041) < Gauss (g = 2.0044). It can be concluded that the paramagnetic centres with an unpaired electron located at the sulphur atom with the highest g-values are predominant in the simple aromatic units of coal. The unpaired electrons delocalised on carbon rings and oxygen paramagnetic centres exist in multi-ring coal structures. After demineralisation, the greatest changes were observed for the paramagnetic centres assigned to broad Lorentz 1 lines (Table 1) . Demineralisation leads to a decrease in their concentration and to the line narrowing. On demineralisation in the liquid state, the recombination of paramagnetic centres occurs.
Only two groups of paramagnetic centres with broad Gauss and broad Lorentz 1 lines are active during the oxidation process (Table 1) . Oxidation causes a decrease in the concentration of these paramagnetic centres. The highest decrease of concentration was observed on the oxidation with HNO 3 . It was discussed earlier that HNO 3 was the most effective oxidation agent [3] . The linewidths of broad Gauss and Lorentz 1 lines strongly decrease after the oxidation of coal with HNO 3 . The paramagnetic centres assigned to the narrow Lorentz 3 lines are not active on the coal oxidation. The concentrations and the linewidths of the narrow lines only slightly decrease after oxidation with HNO 3 , PAA and in O 2 /Na 2 CO 3 . The three groups of paramagnetic centres are located at different molecular units in the studied coal, so they differ in magnetic interactions. The fast spin-lattice relaxation processes are characteristic of the multi-ring aromatic structures (narrow Lorentz 3 lines), and relatively slow spin-lattice relaxation processes occur in simple aromatic coal structures (broad Gauss and broad Lorentz 1 lines). The correlations between the coal structures and the spin-lattice relaxation times were confirmed by EPR and FTIR studies earlier [5, 6, [13] [14] [15] [16] [17] . The influence of microwave power on the three component lines of the EPR spectra of the studied demineralised lignite is shown in Figure 3 . The broad EPR components saturate at a lower microwave power than the narrow EPR components. After oxidation of coal with HNO 3 , PAA, and in an O 2 /Na 2 CO 3 system, a microwave saturation of both broad and narrow EPR lines of lignite was observed. This effect points to changes in the multi-ring aromatic coal structures. The structures are degraded during the oxidation processes.
The degraded aromatic structures are larger than the simple aromatic structures responsible for the broad EPR lines. The narrow Lorentz 3 lines of oxidized coal saturate at higher microwave powers than the broad lines. It elucidates the existence of narrow Lorentz 3 lines in EPR spectra of oxidized coal. The low concentrations of paramagnetic centres assigned to Lorentz 3 lines in the demineralised coal and in the oxidised coal are a result low contents of the multi-ring aromatic structures in lignite. Our results on saturation of the narrow (Lorentz 3) lines at higher microwave powers are in good agreement with the results obtained by Ito, Seki and Iino [5] . Fig. 6 The influence of microwave power on intensities of component lines of the EPR spectra of demineralised Mequinenza lignite and oxidized in O 2 /Na 2 CO 3 system. Notations as in Fig. 3 . The mean error of intensity values was 5 %.
Conclusions
Three different groups of paramagnetic centres exist in the studied Mequinenza lignite. Two groups of paramagnetic centres located in simple aromatic units were responsible for broad Gauss and broad Lorentz 1 lines. Sulphur free radicals are mainly located in these units. Coals paramagnetic centres with Gauss and Lorentz 1 lines are the most active during oxidation process. The third group of paramagnetic centres of the coal with narrow Lorentz 3 lines is not susceptible for oxidation.
The broad EPR components of the studied lignite free of mineral matter saturated earlier than the narrow lines. Microwave saturation was not measured for the narrow lines of the demineralised coal. After oxidation of coal early stage of microwave saturation of the narrow lines was observed. This effect indicates degradation of multi-ring aromatic structures in coal.
The performed in this work numerical analysis of multi-component structure of EPR spectra of lignite confirmed our earlier results [13] [14] [15] about complex shape and strong dependence of paramagnetic centres system on metamorphism of coal.
